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Abstract 

Sulfonated  poly(ether  ether  ketone)s  (SPEEKs)  with  various  sulfonation  degrees  were  prepared  and  characterized  for  the  intention  of  fuel 
cell  applications.  Two  distinct  water  vapor  activity  regions  characterized  by  different  water  vapor  uptake  behaviors  were  observed.  Proton 
conductivity  of  SPEEK  membranes  increases  with  increasing  sulfonation  degrees  and  temperatures.  SPEEK  membranes  with  sulfonation 
degrees  of  51  and  60%  show  proton  conductivity  higher  than  0.01  S  cm-1  at  temperatures  higher  than  40  °C  with  100%  relative  humidity 
(RH).  Relative  humidity  has  a  stronger  effect  on  the  proton  conductivity  of  SPEEK  membranes  than  that  of  Nation®  membranes.  Fuel  cell 
performance  with  SPEEK  membranes  was  studied  at  various  temperatures  and  relative  humidities.  Good  fuel  cell  performance  was  obtained 
with  a  SPEEK-51  membrane  at  80  °C,  100%  relative  humidity  and  ambient  pressure.  Both  temperature  and  relative  humidity  have  important 
influence  to  the  cell  resistances  and  performances.  Cyclic  voltammetry  (CV)  as  well  as  hydrogen  crossover  profiles  show  distinct  features 
under  different  relative  humidity  conditions. 
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1.  Introduction 

Fuel  cells  are  electrochemical  devices  that  directly  con¬ 
vert  chemical  energy  from  fuel  oxidation  into  electrical  en¬ 
ergy.  The  proton  exchange  membrane  fuel  cell  (PEMFC), 
which  uses  a  polymer  membrane  as  an  electrolyte,  is  regarded 
as  highly  attractive  for  generating  clean  and  efficient  power 
for  stationary  and  mobile  applications.  The  proton  exchange 
membrane  (PEM)  is  a  key  component  in  the  system  since 
that  membrane  acts  as  an  electrolyte  for  transferring  protons 
from  the  anode  to  the  cathode  as  well  as  providing  a  barrier  to 
the  passage  of  electrons  and  gas  crossover  between  the  elec¬ 
trodes.  PEM  materials  should  possess  the  following  char¬ 
acteristics:  high  ionic  conductivity  (usually >0.01  Son-1); 
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high  thermal,  mechanical  and  chemical  stability  under  fuel 
cell  operating  conditions;  low  fuel  and  oxidant  permeability; 
and  low  cost  [1].  Currently,  the  most  commonly  used  mem¬ 
branes  for  both  hydrogen  and  direct  methanol  fuel  cells  are 
perfluorinated  copolymers  such  as  Nafion®,  which  has  high 
mechanical  and  chemical  stability  and  excellent  proton  con¬ 
ductivity.  However,  the  application  of  Nafion®  membranes 
has  important  drawbacks:  high  cost;  loss  of  conductivity  at 
low  relative  humidity;  and  high  methanol  permeability  in  di¬ 
rect  methanol  fuel  cells  [1-3]. 

Widespread  effort  is  underway  to  develop  alternative, 
more  economical,  non-perfluorinated  polymer  PEMs  for 
fuel  cells.  Many  promising  aromatic  thermoplastic  poly¬ 
mers,  such  as  poly(aryl  ether  ketone)s  (e.g.  PEK,  PEEK 
and  PEKK),  poly  (ether  sulfone)  (PES),  polybenzimidazole 
(PBI),  etc.,  have  excellent  chemical,  mechanical  and  thermo- 
oxidative  stability  and  are  low  cost.  By  introducing  sulfonic 
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groups  or  doping  phosphoric  acid  to  the  polymers’  chains, 
these  materials  gain  proton  conductivity  and  show  promis¬ 
ing  properties  as  PEMs  in  fuel  cells  [4-11].  Several  studies 
have  been  reported  on  sulfonated  poly(ether  ether  ketone) 
(SPEEK)  used  as  a  PEM  material  in  both  hydrogen  and  direct 
methanol  fuel  cells  [  1 2- 1 6] .  In  addition,  blend  polymer  mem¬ 
branes  [17-19]  and  organic-inorganic  membranes  [20-23] 
with  SPEEK  as  the  major  component  have  been  explored  with 
the  goal  to  obtain  good  mechanical  properties,  high  proton 
conductivity,  and  optimized  membrane  properties. 

Although  several  studies  on  SPEEK  as  fuel  cell  PEM 
were  previously  conducted,  some  important  characteriza¬ 
tions,  such  as  membrane  water  uptake  in  vapor  phase  water, 
temperature  and  relative  humidity  effects  on  cell  resistance, 
membrane  water  management  and  fuel  cell  performance  have 
not  been  adequately  studied.  These  subjects  are  the  topic  of 
this  paper.  Investigations  of  sulfonation  control,  thermal  sta¬ 
bility,  FTIR  study  and  proton  conductivity  are  also  performed 
and  presented. 

2.  Experimental 

2.7.  Sulfonation  reaction:  PEEK  ^  SPEEK 

Victrex®  PEEK  (450PF),  provided  by  Victrex  US,  Inc. 
(Greenville,  SC)  was  first  dried  at  120  °C  in  a  vacuum  oven 
for  6-8  h.  The  sulfonation  reaction  was  performed  by  dissolv¬ 
ing  and  reacting  with  96%  sulfuric  acid  (Fisher)  at  20  °C.  The 
initial  concentration  ratio  of  PEEK/sulfuric  acid  was  main¬ 
tained  at  5/95  (wt./vol.)  in  all  the  experiments.  After  different 
lengths  of  reaction  time  (from  24  to  144  h),  the  sulfonated 
PEEK  solution  was  then  quenched  in  iced  deionized  water 
under  mechanical  agitation  to  recover  the  modified  polymer. 
It  was  then  repeatedly  rinsed  with  deionized  water  and  fil¬ 
tered  to  remove  the  residual  sulfuric  acid  until  the  pH  value 
of  the  washing  water  was  above  5.  The  residual  water  in 
this  recovered  polymer  was  removed  by  drying  the  sample 
at  60  °C  at  vacuum  for  24  h.  The  sulfonation  degree  and  the 
ion  exchange  capacity  (IEC)  were  determined  by  a  titration 
method:  2-3  g  SPEEK  samples  were  first  immersed  into  1  M 
NaCl  solution  for  24  h  and  then  were  back  titrated  with  0. 1  M 
NaOH  using  phenolphthalein  as  an  indicator. 

2.2.  Membrane  preparation 

SPEEK  membranes  were  prepared  by  dissolving  the 
SPEEK  sample  in  A,A-dimethylacetamide  (DMAC)  (99%, 
Aldrich)  solvent  to  form  a  5  wt.%  solution.  SPEEK  mem¬ 
branes  with  different  sulfonation  degrees  were  cast  by  heat¬ 
ing  and  evaporating  the  solvent  from  the  solution  in  a  glass 
Petri  dish  at  120  °C  for  3  h.  The  membranes  were  obtained  by 
adding  deionized  water  to  the  surface  and  peeling  the  mem¬ 
branes  from  the  dish.  Different  thickness  membranes  were 
obtained  by  controlling  the  solution  amount  and  concentra¬ 
tion  in  the  casting  step. 


Nation®  membranes  were  also  prepared  by  a  solution 
casting  procedure  to  compare  with  the  SPEEK  membranes. 
First,  the  commercial  Nation®  solution  (Solution  Technol¬ 
ogy,  Mendenhall,  PA)  was  evaporated  in  a  hood  to  remove 
the  solvent  (Aopropanol  and  water).  Then  the  solid  Nation® 
was  re-dissolved  in  A,A-dimethylacetamide  (DMAC)  (99%, 
Aldrich)  solvent  to  get  a  5  wt.%  solution.  The  membrane 
casting  procedure  was  the  same  as  that  of  the  SPEEK 
membranes. 

2.3.  Characterization  of  SPEEK 

2.3.1.  Thermo  gravimetry 

A  TGA2950  thermo-gravimetric  analysis  (TGA)  instru¬ 
ment  (TA  Company,  New  Castle,  Delware)  was  used  to  study 
the  thermal  stability  behavior  of  SPEEK  samples.  The  sam¬ 
ples  (~10mg)  were  heated  in  nitrogen  from  25  to  900  °C 
with  a  scanning  rate  of  20°Cmin_1.  Some  samples  were 
also  heated  in  an  air  environment  for  comparison. 

2.3.2.  FTIR 

Fourier  transform  infrared  (FTIR)  spectra  were  collected 
using  a  MAGNA-IR  560  Fourier  Transform  Infrared  Spec¬ 
trometer  (Nicolet  Instrument  Corp.,  Madison,  WI).  PEEK 
samples  was  prepared  by  making  KBr  pellets  composed  of 
50  mg  of  IR  spectroscopic  grade  KBr  and  1  mg  polymer  sam¬ 
ple.  Each  SPEEK  sample  was  prepared  by  casting  a  thin  film 
of  polymer  onto  a  13  mm  x  2  mm  KBr  disc. 

2.3.3.  Water  vapor  uptake 

Water  vapor  uptake  properties  of  SPEEK  membranes  were 
measured  with  different  water  activities  at  room  tempera¬ 
ture  (~19°C).  Adsorption  of  water  by  the  membrane  was 
obtained  in  a  closed  equilibration  vessel  by  suspending  the 
membrane  sample  above  a  large  volume  of  saturated  salt  so¬ 
lution,  which  was  used  to  control  the  water  activity  in  the 
vessel.  The  membrane  sample  was  taken  out  from  the  ves¬ 
sel  and  weighed  after  10  days  equilibration.  Membrane  dry 
weight  was  measured  after  drying  in  vacuum  at  about  100  °C 
for  12  h.  The  water  uptake  was  determined  from  the  differ¬ 
ence  between  wet  and  dry  weights.  Four  saturated  salts  (LiCl, 
MgCl2,  NaBr  and  KBr)  solutions  and  pure  water  were  used  in 
the  vessel  to  control  water  activities.  Saturation  was  assured 
by  mixing  a  large  excess  (50%)  of  each  salt  with  deionized 
water  [24].  Water  activity  in  each  vessel  with  different  sat¬ 
urated  salt  solution  was  monitored  by  a  THGR228N  dig¬ 
ital  hygrometer/thermometer  (Fisher  Scientific,  Pittsburgh, 
PA). 

2.4.  Membrane  electrode  assemblies  (ME As) 

2.4.1.  ME  As  preparation 

MEAs  were  prepared  by  spraying  catalyst  ink  containing 
carbon- supported  catalyst  and  Nation®  in  methanol  onto  the 
membrane.  Forty  weight  percent  Pt-Ru/C  from  E-TEK  was 
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used  as  the  anode  catalyst.  Pt/C  (46.8  wt.%)  from  Tanaka 
(Tanaka,  Kikinzoku  Kogyo  K.K.  Japan)  was  used  as  the 
cathode  catalyst.  The  composition  of  Nation®  in  the  cata¬ 
lyst  was  about  25  wt.%  for  both  anode  and  cathode  catalyst. 
The  catalyst  loading  was  about  0.7  mg  catalyst  metal  cm-2 
at  both  anode  and  cathode.  After  spraying  the  catalyst  onto 
the  membrane,  the  MEA  was  heat  treated  at  120  °C  for 
20  min.  The  active  area  for  both  the  anode  and  cathode  was 
5  cm2.  The  MEAs  together  with  gas  diffusion  carbon  paper 
(SIGRACET®  GDL  10BB,  SGL  Technologies,  Wiesbaden, 
Germany)  applied  on  each  side  were  tested  in  a  single  cell 
with  5  cm2  flow  channel  area  (FC05-01SP,  Electrochem.  Inc., 
Woburn,  MA). 

2.4.2.  Membrane  conductivity 

Proton  conductivity  of  membranes  was  determined  from 
the  membrane  resistance  measured  by  electrochemical 
impedance  spectroscopy  (EIS).  The  EIS  measurements  were 
carried  out  using  a  Solartron  (Houston,  TX)  1250  frequency 
response  analyzer  together  with  the  Solartron  1287  elec¬ 
trochemical  interface.  The  membrane  resistance  was  mea¬ 
sured  in  fuel  cell  hardware  with  humidified  hydrogen  ap¬ 
plied  to  both  the  anode  and  cathode.  The  data  was  recorded 
using  ZPLOT  impedance  software  (Scribner  Associates,  Inc., 
Southern  Pines,  NC)  which  also  controlled  the  experiments. 
EIS  was  conducted  at  the  open  circuit  condition  by  applying  a 
small  alternating  voltage  (10  mV)  and  varying  the  frequency 
of  the  alternating  voltage  from  1  x  105  to  1  Hz. 

2.4.3.  MEAs  fuel  cell  performance 

MEA  fuel  cell  performance  was  determined  under  am¬ 
bient  pressure  with  an  in-house  electrochemical  test  station 
that  was  equipped  with  a  computer-controlled  Scribner  890B 
load  box  (Scribner  Associates  Inc.,  Southern  Pines,  North 
Carolina).  PEM  fuel  cell  performance  was  evaluated  at  dif¬ 
ferent  cell  temperatures  (20-80  °C).  Low  relative  humidity 
(42,  66%  inlet  RH)  effects  on  cell  performance  were  also 
studied  at  80  °C.  Hydrogen  and  oxygen  were  used  as  the 
anode  fuel  and  cathode  reactant  respectively.  To  maintain 
constant  utilization  of  fuel  (34%  for  hydrogen)  and  oxidant 
(25%  for  oxygen),  mass  flow  controllers  were  used  to  con¬ 
trol  gas  flow  rate  with  3.4  stoichiometric  H2  flow  at  the 
anode  and  4.0  stoichiometric  O2  flow  at  the  cathode.  Be¬ 
fore  the  reactant  gases  entered  the  cell  hardware,  they  were 
saturated  with  water  in  separate  humidification  bottles.  The 
membrane  resistance  was  also  measured  during  performance 
testing  using  the  current-interruption  method,  which  permits 
direct  measurement  of  the  cell  performance  (IR-free  perfor¬ 


mance)  that  is  free  from  the  polarization  produced  by  the  cell 
resistance. 

2.4.4.  Cyclic  voltammetry  ( CV)  and  hydrogen  crossover 
Besides  the  fuel  cell  performance  test,  cyclic  voltammetry 
(CV)  and  linear  sweep  voltammetry  were  used  to  compare 
or  determine  the  electrochemical  surface  area  (ECA)  of  the 
cathode  electrode  and  the  hydrogen  crossover  rate,  respec¬ 
tively.  CV  experiments  were  carried  out  with  a  MEA  in  the 
fuel  cell  at  80  °C  with  various  relative  humidities  (RHs).  The 
hydrogen-fed  anode  was  used  as  a  reference  and  counter  elec¬ 
trode.  The  cathode  side  was  exposed  to  humidified  nitrogen. 
Cyclic  potential  sweeps  were  carried  out  at  a  scan  rate  of 
30  mV  s-1  between  0.05  and  0.8  V  versus  RHE  at  80  °C  with 
RHs  ranging  from  100  to  66%  and  42%,  respectively.  All  the 
relative  humidity  mentioned  in  the  experimental  section  is 
the  inlet  value.  Hydrogen  crossover  was  measured  using  the 
limiting  current  method  by  performing  linear  sweep  voltam¬ 
metry  (LS  V)  with  hydrogen  flowing  at  the  anode  and  nitrogen 
at  the  cathode.  The  cell  voltage  was  scanned  potentiodynam- 
ically  at  4  mV  s-1  from  0.05  to  0.55  V  at  80  °C  with  various 
RHs  (100,  66  and  42%).  A  Solartron  1286  potentiostat  (So¬ 
lartron  Instrument,  Houston,  TX)  was  used  to  control  the 
potential. 


3.  Results  and  discussion 

3. 1 .  Sulfonation  of  PEEK 

Hydrophobic  poly(ether  ether  ketone)  (PEEK)  is  a  ther¬ 
mostable  polymer  with  an  aromatic,  non-fluorinated  back¬ 
bone,  in  which  1 ,4-disubstituted  phenyl  groups  are  separated 
by  ether  (—0—)  and  carbonyl  (—CO—)  linkages.  To  obtain 
ionic  conductivity,  sulfonic  acid  groups  (— SO3H)  are  func¬ 
tionalized  onto  the  PEEK  unit  structure  by  a  sulfonation  reac¬ 
tion.  The  unit  structure  of  PEEK  and  SPEEK  is  demonstrated 
in  Fig.  1.  Sulfonation  is  an  electrophilic  substitution  reaction 
and  substitution  preferentially  takes  place  in  the  high  elec¬ 
tron  density  site.  Substitution  will  preferentially  take  place 
in  one  of  the  four  positions  of  the  aromatic  ring  between  the 
ether  bridges,  as  shown  in  the  SPEEK  repeat  unit  in  Fig.  1, 
since  the  electron  density  of  the  other  two  aromatic  rings  in 
the  repeat  unit  is  relatively  low  due  to  the  electron-attracting 
nature  of  the  neighboring  carboxyl  group  [25].  At  room  tem¬ 
perature  with  the  concentrated  sulfuric  acid  used  as  the  sol¬ 
vent,  there  is  at  most  one  — SO3H  group  attached  to  each 
repeating  unit.  In  the  sulfonation  reaction,  substitution  is  a 


O  in 


SPEEK 


Fig.  1.  Repeat  unit  of  poly  (ether  ether  ketone)  and  sulfonated  poly  (ether  ether  ketone). 
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Fig.  2.  Sulfonation  degree  (SD)  and  ion  exchange  capacity  (IEC)  of  SPEEK 
as  a  function  of  sulfonation  reaction  time  at  room  temperature. 


Fig.  3.  Thermo-gravimetric  analysis  (TGA)  of  PEEK  and  SPEEK  in  nitrogen 
except  where  noted. 


second-order  reaction;  the  reverse  reaction  is  neglected  for 
high  acid  concentrations  [25].  The  sulfonation  degree  (SD) 
can  be  controlled  by  reaction  time  and  temperature.  The  sul¬ 
fonation  degree  (SD)  is  defined  as  the  ratio  of  the  molar  num¬ 
ber  of  sulfonated  PEEK  units  to  that  of  the  total  molar  number 
of  initial  repeat  units  of  PEEK.  Eqs.  (1)  and  (2)  describe  the 


determination  of  SD  and  IEC. 

SD  _  Afi>EEK-S03H 

(i) 

Afi>EEK-S03H  +  Afi>EEK 

IEC  =  'V_S°3H  x  1000 

(2) 

Sample 

Here,  Apeek-S03h  and  7V-so3h  are  the  molar  number  of 
sulfonated  PEEK  units  and  the  molar  number  of  sulfonate 
groups,  respectively.  Apeek  is  the  molar  number  of  unsul- 
fonated  PEEK  units.  Sample  represents  the  sample  weight. 
According  to  the  expressions  of  SD  and  IEC,  the  molar  num¬ 
ber,  Afi>EEK-S03H,  of  the  sulfonated  PEEK  unit  (PEEK-SO3H) 
in  1  g  sulfonated  PEEK  copolymer  is: 


Afi>EEK-S03H  =  0.001  x  IEC 


(3) 


The  molar  number,  of  the  PEEK  unit  in  1  g  sulfonated  PEEK 
copolymer  is: 


Npeek  = 


1  —  0.001  x  IEC  x  Mpeek-S03h 
MpEEK 


(4) 


where  Mpeek-so3h  and  Mpeek  are  the  molecular  weights 
of  the  PEEK-SO3H  unit  and  the  PEEK  unit,  respectively. 
Mpeek- so3h  =  368  Da  and  Mpeek  =  288  Da  [25]. 

The  PEEK  was  sulfonated  at  room  temperature  for  dif¬ 
ferent  reaction  times  ranging  from  30  to  144  h  to  produce 
different  SD  SPEEKs.  The  SD  and  IEC  of  each  SD  SPEEK 
polymers  were  determined  by  the  titration  results  and  the 
equations  above.  Fig.  2  shows  the  SD  and  IEC  of  SPEEK 
as  a  function  of  sulfonation  reaction  time.  IEC  of  Nation® 
1 100  is  also  noted  in  Fig.  2  as  comparison.  It  is  clear  that  the 
SD  and  IEC  of  SPEEK  continuously  increase  with  increasing 


sulfonation  reaction  time.  With  a  reaction  time  of  48  h,  the 
SD  is  38%  and  the  IEC  is  1.2,  which  is  higher  than  Nation® 
1100  (IECNafion®  lioo  —  0.91). 

3.2.  Thermal  stability  of  SPEEK 

Fig.  3  shows  the  thermo-gravimetric  analysis  results  of 
PEEK  and  SPEEKs  with  different  degrees  of  sulfonation. 
PEEK  demonstrates  excellent  thermal  stability  with  a  de¬ 
composition  temperature  higher  than  500  °C.  For  SPEEK, 
after  dehydration  of  the  membrane,  no  further  weight  loss 
is  observed  until  degradation  of  the  sulfonic  groups  com¬ 
mences  at  around  260  °C.  The  decomposition  of  the  SPEEK 
is  observed  above  450  °C.  The  thermal  property  of  SPEEK  is 
satisfactory  for  the  operating  requirement  of  PEM  fuel  cell. 
The  weight  loss  due  to  dehydration  increases  with  the  higher 
degree  of  sulfonation,  indicating  that  more  water  was  taken 
up  for  higher  SD  SPEEK  membranes.  Here  SPEEK-30  rep¬ 
resents  SPEEK  membranes  with  a  30%  sulfonation  degree, 
similarly  for  SPEEK-51  and  SPEEK-78.  To  investigate  ther¬ 
mal  stability  of  SPEEK  under  an  oxygenated  environment, 
a  TGA  of  SPEEK-51  performed  in  air  instead  of  nitrogen  is 
also  shown  in  Fig.  3.  There  is  little  difference  before  400  °C 
in  the  weight  percent  loss  curves,  indicating  degradation  by 
oxidation  is  very  small  in  this  temperature  range.  At  temper¬ 
atures  higher  than  400  °C  oxidation  is  increased  and  all  of  the 
polymer  material  is  consumed  when  the  temperature  reaches 
670  °C. 

3.3.  ETIR  study 

The  FTIR  spectra  of  PEEK  and  SPEEK  with  different 
sulfonation  degrees  are  shown  in  Fig.  4.  The  new  absorp¬ 
tion  bands  at  1020,  1076  and  1247  cm-1  of  SPEEK  can  be 
assigned  to  the  symmetric  and  asymmetric  stretching  vibra¬ 
tions  of  the  sulfonic  acid  group.  The  aromatic  C— C  band  at 
1486  cm-1  for  PEEK  is  observed  to  split  into  two  peaks  at 
1471  and  1492  cm-1  for  SPEEK,  due  to  the  new  substitute 
from  sulfonation  [26]. 
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Wavenumber  (cm-1) 


Fig.  4.  FTIR  spectra  of  PEEK  and  SPEEK. 

3.4.  Water  vapor  uptake 

Water  uptake  from  the  vapor  phase  is  likely  to  be  the  prin¬ 
cipal  mode  of  external  hydration  of  the  membrane  in  a  PEM 
fuel  cell.  Sorption  of  water  vapor  of  controlled  activity  by 
Nation®  and  SPEEK  membranes  with  various  sulfonation 
degrees  was  investigated  in  this  study.  Membrane  samples 
were  suspended  above  various  aqueous  saturated  salt  solu¬ 
tions.  The  relationship  between  water  activity  measured  by 
the  hydrometer  and  the  type  of  saturated  salt  solution  is  listed 
in  Table  1.  Water  activities  over  the  range  of  0.12-0.98  can 
be  accessed  using  different  saturated  salt  solutions  at  room 
temperature. 

The  water  vapor  sorption  curves  for  Nation®  and  SPEEK 
membranes  with  various  SD  are  shown  in  Fig.  5.  Fig.  5(a) 
presents  the  weight  uptake  ratio  of  the  membrane  in  percent 
of  dry  weight  by  absorbing  water  vapor  at  each  water  vapor 
activity.  It  shows  that  membranes  uptake  more  water  with 
increasing  water  vapor  activity.  For  SPEEK  membranes, 
the  water  uptake  increases  with  increasing  sulfonation 
degree.  The  water  uptake  of  a  Nation®  membrane  in  water 
vapor  is  lower  than  SPEEK  membranes  with  51%  or  larger 
sulfonation  degrees.  Fig.  5(b)  compares  the  value  of  X, 
X  =  A^h2o/A^-S03h,  of  each  membrane.  Here  X  denotes  the 
molar  number  of  water  taken  up  by  each  mole  of  sulfonic 
acid  group.  Fig.  5(b)  indicates  that  for  SPEEK  membranes,  X 
values  at  each  water  vapor  activity  increase  with  increasing 
sulfonation  degree.  SPEEK  membranes  with  sulfonation 
degrees  higher  than  60%  have  higher  X  value  than  Nation® 
membranes.  From  Fig.  5(b),  with  increasing  water  vapor  ac¬ 
tivity,  water  sorption  can  be  discriminated  in  two  regions:  (1) 
a  low  vapor  activity  region,  au2o  <  0.75,  characterized  by  a 

Table  1 

Water  vapor  activities  with  different  saturated  salt  solutions  in  the  vessel 

Salt  LiCl  MgCl2  NaBr  KBr  H20 

Water  vapor  activity  0.12  0.34  0.58  0.79  0.98 


Fig.  5.  Water  vapor  uptake  properties  of  SPEEK  and  Nation®  membranes 
as  a  function  of  water  vapor  activity,  a.  (a)  Weight  percent  vs.  a;  (b)  k  vs.  a. 

relatively  small  increase  in  water  content  with  water  vapor  ac¬ 
tivity  and  (2)  a  high  vapor  activity  region,  au2o  =  0.75-1.0, 
characterized  by  steeper  increase  of  water  content  with  water 
activity.  The  results  are  similar  to  those  reported  by  Za- 
wodzinski  et  al.  [27],  who  investigated  the  isopiestic  sorption 
curve  for  Nation®  117  membranes  at  30  °C.  According  to 
Zawodzinski  et  al.,  region  (1)  corresponds  to  uptake  of  water 
by  the  ions  in  the  membrane,  while  region  (2)  corresponds 
to  water  which  fills  the  (submicro)  pores  and  swells  the 
polymer.  Fig.  5(b)  also  shows  that  the  slope  of  region  (2) 
becomes  steeper  with  increasing  sulfonation  degree,  indicat¬ 
ing  more  serious  membrane  swelling  for  higher  SD  SPEEK 
membranes. 

3.5.  Membrane  proton  conductivity 

The  proton  conductivity,  a,  of  membranes  in  the  through- 
plane  direction  was  calculated  from  the  impedance  data  using 
the  relation  a  =  LIRA,  where  L  and  A  are  the  thickness  and  face 
area  of  the  membrane  sample,  respectively,  and  R  was  derived 
from  the  intersection  of  the  high  frequency  semi-circle  on  the 
complex  impedance  plane  with  the  real  (Z)  axis. 
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Fig.  6.  Arrhenius  plots  of  proton  conductivity  of  SPEEK  membranes  with 
different  sulfonation  degrees  as  a  function  of  temperature. 


Fig.  8.  PEM  fuel  cell  performance  and  cell  resistance  with  a  SPEEK-51 
membrane  at  different  cell  temperatures  and  100%  relative  humidity.  H2/O2 
at  ambient  pressure. 


The  proton  conductivity  of  Nation®  and  SPEEK  mem¬ 
branes  with  sulfonation  degrees  between  41  and  60%  under 
fully  humidified  condition  is  reported  in  Fig.  6  as  Arrhenius 
plot.  Unlike  Nation® ,  the  conductivity  of  SPEEK  membranes 
does  not  really  follow  Arrhenius  behavior  as  evidenced  by 
the  nonlinear  decrease  in  logarithm  conductivity  with  recip¬ 
rocal  temperature.  Proton  conductivity  of  all  SPEEK  mem¬ 
branes  in  this  sulfonation  degree  range  (41-60%)  is  lower 
than  Nation® .  The  proton  conductivity  of  SPEEK  membranes 
significantly  increases  with  increasing  sulfonation  degree. 
The  conductivity  of  SPEEK-5 1  and  SPEEK-60  membranes 
above  40  °C  is  higher  than  0.01  S  cm-1  and  within  the  same 
magnitude  as  Nation®.  At  temperatures  higher  than  80 °C, 
the  conductivity  values  of  SPEEK-60  are  close  to  that  of 
Nation®:  a  =  0.064  for  SPEEK-60  and  a  =  0.075  for  Nation® 
at  80  °C;  a  =  0.080  for  SPEEK-60  and  a  =  0.084  for  Nation® 
at  120  °C. 

The  variation  of  the  conductivity  of  SPEEK-51  and 
Nation®  membranes  with  relative  humidity  at  80  °C  is  com¬ 
pared  in  Fig.  7.  For  the  SPEEK-5 1  membrane,  the  conductiv- 


Fig.  7.  Relative  humidity  effects  on  proton  conductivity  of  Nation®  and 
SPEEK-51  membranes  at  80  °C. 


ity  curve  as  a  function  of  RH  shows  a  much  steeper  slope  than 
that  of  the  Nation®  membrane,  indicating  a  larger  variation 
of  conductivity  with  RH. 

3.6.  MEAs  performance  in  PEM  fuel  cells 

SPEEK  membranes  with  certain  sulfonation  degrees  have 
reasonable  proton  conductivities  as  discussed  above.  Mem¬ 
brane  electrode  assemblies  (MEAs)  based  on  SPEEK-51 
membranes  were  developed  and  studied  in  H2/O2  fuel  cells. 
For  fuel  cell  use,  thin  membranes  have  a  significant  advan¬ 
tage  in  terms  of  lower  resistance,  improved  water  manage¬ 
ment  of  the  membrane  as  well  as  lower  cost  of  materials.  In 
this  study,  25  pirn  thick  SPEEK  membranes  were  prepared 
and  fuel  cell  performance  tested.  Fig.  8  shows  MEA  fuel 
cell  performance  and  cell  resistance  with  a  SPEEK-5 1  mem¬ 
brane  at  different  cell  temperatures  and  100%  relative  hu¬ 
midity.  Humidified  H2  and  O2  under  ambient  pressure  were 
applied  to  the  cell  anode  and  cathode,  respectively.  At  80  °C, 
the  cell  shows  very  good  performance  with  cell  voltages  of 
0.95,  0.77  and  0.72  V  at  current  densities  of  0  (open  circuit), 
200  and  400  mA  cm-2,  respectively.  As  cell  temperature  de¬ 
creases,  the  cell  resistance  increases  and  the  cell  performance 
decreases  as  well.  As  cell  temperature  decreases  from  80  to 
60  °C,  40  and  20  °C,  the  cell  voltage  at  200  mA  cm-2  de¬ 
creases  from  0.77  V  at  80  °C  to  0.75  V  at  60  °C,  0.71V  at 
40  °C  and  0.63  V  at  20  °C.  Meanwhile,  cell  resistances  at 
200  mA  cm-2  measured  by  current  interrupt  increased  from 
0.084  to  0.16  Q  cm2,  0.28  and  0.48  Q  cm2,  respectively. 

Fig.  8  also  presents  the  cell  resistances  measured  by  cur¬ 
rent  interrupt  as  a  function  of  current  density  at  each  tem¬ 
perature  condition.  At  80  °C,  the  values  of  cell  resistance 
are  relatively  constant  in  the  current  density  range  from 
200  mA  cm-2  to  2000  mA  cm-2,  although  the  cell  resistance 
increases  slightly  when  the  current  density  is  higher  than 
1600mA cm-2.  At  60  °C,  the  cell  resistance  increases  with 
current  density  more  than  that  at  80  °C  when  the  current 
density  is  higher  than  1300mA cm-2.  At  the  40  and  20  °C 
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conditions,  cell  resistance  increases  dramatically  when 
the  current  density  is  higher  than  400  mA  cm-2  and 
200  mA  cm-2,  respectively.  At  20  °C,  cell  resistance  in¬ 
creases  drastically  with  current  density.  The  increase  in  cell 
resistance  with  current  density  is  caused  by  the  water  distribu¬ 
tion  in  the  membrane  due  to  the  interplay  of  electro-osmotic 
drag  transporting  water  toward  the  cathode  and  the  back  trans¬ 
port  of  water  to  the  anode  [27,28].  During  fuel  cell  operation, 
with  the  proton  conducted  from  the  anode  to  cathode,  water 
can  be  dragged  by  forming  H30+  and  moved  from  the  cell 
anode  to  cathode.  On  the  other  hand,  the  cell  cathode  has 
a  higher  water  concentration,  which  drives  water  diffusion 
from  the  cathode  to  the  anode  due  to  a  concentration  gra¬ 
dient  and  capillary  forces.  The  amount  of  water  transported 
by  electro-osmotic  drag  and  back  diffusion  is  dependent  on 
current  density,  membrane  properties  and  thickness.  With  in¬ 
creasing  current  density,  the  increased  proton  flux  carries  a 
large  amount  of  water  to  the  cathode.  At  very  high  current 
densities,  the  water  back  diffusion  flux  from  the  cathode  to 
anode  is  not  sufficient  to  make  up  for  the  water  lost  at  the  cell 
anode,  so  the  anode  side  of  the  membrane  dries  out  causing  a 
large  membrane  resistance.  According  to  Zawodzinski  et  al. 
[27]  and  Buchi  et  al.  [28],  the  back  diffusion  flux  of  water  is 
directly  proportional  to  the  water  diffusion  coefficient  or  the 
water  permeability  of  the  membrane,  which  is  determined  by 
the  local  water  content  in  the  membrane.  The  steep  slope  of 
cell  resistance  with  current  density  at  20  °C  indicates  that  the 
back  diffusion  of  water  is  very  sensitive  to  current  density, 
due  to  a  small  water  diffusion  coefficient  at  20  °C.  The  cell 
resistance  becomes  less  dependent  on  current  density  as  the 
cell  temperature  increases,  indicating  both  an  increased  wa¬ 
ter  diffusion  coefficient  and  higher  water  content  at  higher 
temperature. 

The  effect  of  relative  humidity  on  fuel  cell  performance 
was  also  studied  using  SPEEK-5 1  membranes.  Fig.  9(a)  com¬ 
pares  cell  performance  at  80  °C  with  100%  RH,  66%  RH, 
42%  RH  and  then  a  repeat  test  at  100%  RH.  The  cell  voltage 
at  200  mA  cm-2  significantly  decreases  from  0.77  V  at  100% 
RH  to  0.46  V  at  66%  RH.  At  42%  RH  condition,  the  cell  was 
shut  down  before  reaching  a  current  density  of  100  mA  cm-2 
due  to  a  very  low  cell  voltage.  The  repeat  test  at  100%  RH 
shows  similar  performance  as  the  first  test  at  100%  RH,  indi¬ 
cating  the  cell  performance  can  be  recovered  after  suffering 
a  dry  environment  at  lower  RH  tests.  Fig.  9(b)  shows  the  IR- 
Free  voltage  profiles  at  different  relative  humidity  conditions. 
The  cell  voltage  was  compensated  by  the  cell  resistance  as 
measured  by  current  interrupt  (the  cell  resistance  at  42%  RH 
was  measured  by  electrochemical  impedance).  Even  with  IR 
correction,  the  IR-Free  cell  voltages  at  lower  RH  are  still 
much  lower  than  that  at  100%  RH.  The  lower  RH  not  only 
increases  the  membrane  resistance  which  leads  to  IR  losses, 
but  also  dries  out  the  catalyst  layer  which  decreases  the  cat¬ 
alyst  utilization.  The  fuel  cell  performance  decrease  at  lower 
RH  conditions  is  due  to  the  combined  effects  of  the  lower 
proton  conductivity  of  dry  membrane  and  catalyst  layer,  and 
the  lower  catalyst  utilization  induced  by  the  ion  immovability 


(a)  Current  Density(mA/cm2) 


Fig.  9.  Relative  humidity  effects  on  PEM  fuel  cell  performance  with  a 
SPEEK-5 1  membrane  in  a  H2/O2  cell  at  80  °C  under  ambient  pressure,  (a) 
Cell  voltage  vs.  current  density;  (b)  IR-free  voltage  vs.  current  density. 

in  the  membrane  and  the  catalyst  layer.  In  addition,  the  lower 
oxygen  permeability  in  the  proton  conductor  in  the  cathode 
catalyst  layer  at  lower  RH  might  contribute  further  to  the 
performance  loss  [29] . 

3. 7.  Results  of  CV  and  hydrogen  crossover 

As  shown  in  Fig.  10(a),  cyclic  voltammetries  (CV)  were 
performed  to  the  ME  A  at  80  °C  with  three  relative  humidity 
conditions.  The  peaks  at  potential  range  of  0. 1-0.4  V  are  asso¬ 
ciated  with  hydrogen  adsorption/desorption  on  the  Pt  catalyst 
active  surface.  The  shapes  of  voltammograms  are  different 
at  those  three  RH  conditions.  At  100%  RH  condition,  two 
large  peaks  appear  at  0.13  and  0.24  V,  which  are  caused  by 
the  hydrogen  adsorption  on  different  crystal  planes  of  Pt.  In 
contrast,  the  size  of  those  two  peaks  significantly  decreases 
at  66%  RH  condition,  and  only  one  broad  adsorption  peak  is 
observed  at  42%  RH  condition.  Electrochemically  active  area 
of  the  catalyst  (ECA)  can  be  estimated  based  on  the  relation¬ 
ship  between  the  surface  area  and  the  hydrogen  adsorption 
charge  on  the  electrode  determined  from  the  CV  measure¬ 
ment,  hydrogen  adsorption  charge  on  a  smooth  Pt  electrode 
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Fig.  10.  (a)  Cyclic  voltammetries  and  (b)  H2  crossovers  by  potentiodynamic 
of  PEM  fuel  cell  with  a  SPEEK-5 1  membrane  at  80  °C  with  different  relative 
humidities.  H2/N2  under  ambient  pressure. 

of  210  |ulC  cm-2  Pt,  and  the  Pt  loading  in  the  catalyst  layer. 
The  ECA  of  the  cathode  electrode  is  calculated  by  using  the 
Eq.  (5)  below. 

ECA  (m2  g-1  Pt) 

Charge  (fxC  cm-2)  x  (10-4m2cm-2) 

(210  |xC  cm-2  Pt)  x  Catalyst  loading  (g  Pt  cm-2) 

(5) 

ECA  of  the  cathode  electrode  obtained  according  to  Eq.  (5) 
is  89,  53  and  38  m2  g-1  Pt  for  100,  66  and  42%  RH  condi¬ 
tion,  respectively.  When  compared  to  the  total  surface  area 
of  1 34  m2  g~ 1  Pt  (provided  by  the  manufacturer),  the  catalyst 
utilization  is  67,  40  and  28%,  respectively,  for  the  conditions 
with  those  three  relative  humidities.  To  be  electrochemically 
active  in  the  reaction,  the  catalyst  has  to  have  the  access  to 
the  electron  and  proton  conductor  and  the  reactant  gas.  The 
smaller  catalyst  active  area  or  the  lower  catalyst  utilization 
at  lower  RH  conditions  is  caused  by  the  proton  immovabil¬ 
ity  in  the  catalyst  layer,  due  to  the  dehydration  effect  at  low 
humidity.  Although  the  catalysts  are  in  contact  with  dehy¬ 
drated  proton  conductor  and  reactant  gas,  the  immobility  of 


the  protons  prevents  the  reaction  from  occurring.  Therefore, 
it  is  obvious  that  the  lower  catalyst  utilization  at  lower  RH 
causes  additional  performance  loss. 

Hydrogen  crossover  is  the  undesirable  diffusion  of  hydro¬ 
gen  through  the  membrane  from  the  anode  side  to  the  cathode 
side  where  hydrogen  reacts  chemically  with  oxygen  or  oxy¬ 
gen  in  the  air  to  form  water.  Hydrogen  crossover  lowers  fuel 
efficiency  and  if  too  much  hydrogen  reaches  the  cathode,  hot 
spots  may  occur  that  destroy  the  ME  A  and  cause  safety  issues. 
This  is  why  low  H2  crossover  is  required  for  fuel  cell  oper¬ 
ation.  In  this  study,  the  limiting  current  method  using  linear 
sweep  voltammetry  (LS V)  technique  was  applied  to  evaluate 
the  hydrogen  crossover  of  the  SPEEK-5 1  membrane  at  80  °C 
with  various  relative  humidities.  Fig.  10(b)  shows  the  result 
of  LS V  of  a  MEA  with  25  pirn  thick  SPEEK-5 1  membrane 
at  80  °C  with  various  relative  humidities.  Low  potential  scan 
rate  (4  mV)  was  used  during  the  LS V  measurement  to  mini¬ 
mize  the  effect  of  double  layer  capacitance  charge.  Hydrogen 
crossover  was  qualitatively  determined  from  Fig.  10(b)  by 
the  plateau  current  density  at  higher  potential  (0.45  V)  where 
the  current  obtained  was  primarily  limited  by  the  hydrogen 
transport  rate  through  the  tested  membrane.  Hydrogen  oxida¬ 
tion  pseudo-capacitance  is  apparent  at  potentials  lower  than 
0.35  V  even  with  such  a  low  value  of  potential  scan  rate.  De¬ 
termined  from  the  plateau  in  Fig.  10(b),  the  limiting  current  is 
about  0.85, 0.6  and  0.45  mA  cm-2  respectively  at  the  relative 
humidity  conditions  of  100,  66  and  42%,  showing  a  decreas¬ 
ing  value  in  sequence.  The  difference  of  hydrogen  crossover 
limiting  current  of  the  SPEEK-5 1  membrane  at  these  three 
relative  humidity  conditions  shows  the  similar  trend  as  that 
of  Nation®  membrane  [30,31].  Nevertheless,  at  all  operat¬ 
ing  conditions,  the  hydrogen  crossover  rate  remains  low,  and 
has  little  effect  to  the  performance  losses  at  lower  relative 
humidity  conditions. 

4.  Conclusion 

A  series  of  SPEEKs  were  prepared  by  sulfonation  of 
PEEK  with  concentrated  sulfuric  acid  at  room  temperature 
with  the  sulfonation  degree  controlled  by  varying  the  re¬ 
action  time.  Thermo-gravimetric  analysis  shows  good  ther¬ 
mal  stability  of  SPEEKs  with  the  degradation  temperature 
higher  than  260  °C.  Water  vapor  uptake  of  SPEEK  mem¬ 
branes  increases  with  increasing  sulfonation  degree.  The  wa¬ 
ter  uptake  of  the  Nation®  membrane  in  water  vapor  is  lower 
than  SPEEK  membranes  with  sulfonation  degree  of  51%  or 
higher.  SPEEK  membranes  with  sulfonation  degree  higher 
than  60%  have  higher  A  values,  A  =  A^h2o/^-S03h,  than 
that  of  Nafion®.  With  increasing  water  vapor  activity,  two 
distinct  water  sorption  regions  were  observed:  the  low  wa¬ 
ter  vapor  activity  region  (au2o  <  0.75)  where  there  is  low 
water  content  increasing;  and  high  water  vapor  activity  re¬ 
gion  (q'h2o  <  0.75-1)  where  there  is  high  water  content  in¬ 
creasing.  The  slope  of  the  high  water  vapor  activity  region 
is  steeper  for  SPEEK  membranes  with  higher  sulfonation 
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degrees,  which  indicates  a  higher  membrane  swelling.  Proton 
conductivity  of  SPEEK  membranes  increases  with  increas¬ 
ing  sulfonation  degree.  SPEEK  membranes  with  sulfonation 
degrees  higher  than  50%  show  proton  conductivity  values 
higher  than  0.01  S  cm-2  at  temperatures  higher  than  40  °C, 
which  is  within  the  same  magnitude  as  Nation® .  The  conduc¬ 
tivity  decreases  more  at  lower  RH  for  the  SPEEK-5 1  mem¬ 
brane  than  for  the  Nation®  membrane.  Fuel  cell  performance 
at  increasing  temperature  and  100%  RH  shows  decreased  cell 
resistance  and  increased  cell  performance.  ME  As  with  the 
SPEEK-5 1  membrane  show  very  good  performance  at  80  °C, 
100%  RH  and  ambient  pressure,  which  indicates  potential 
application  of  SPEEK  membranes  for  fuel  cells.  The  cell 
resistance  becomes  much  more  dependent  on  current  den¬ 
sity  as  the  cell  temperature  decreases.  Fuel  cell  performance 
greatly  decreases  with  a  decreasing  in  relative  humidity.  Be¬ 
havior  of  cyclic  voltammetry  (CV)  and  hydrogen  crossover 
of  the  fuel  cell  has  significant  dependence  on  relative  humid¬ 
ity.  Lower  RH  led  to  higher  voltage  losses  due  to  dehydration 
of  membrane  and  catalyst  layer,  and  lower  catalyst  utilization 
induced  by  lower  proton  conductivity  in  the  membrane  and 
catalyst  layer. 
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